Expression of ZAP-70 measured by flow cytometry belongs to the most powerful prognostic parameters in chronic lymphocytic leukemia (CLL). However, many technical factors such as setting of the positivity threshold may significantly influence results.. Quantification using mean fluorescent intensity (MFI) may eliminate the subjective error which is inevitable in the isotype control method. The aim of the present project was therefore to assess the prognostic significance of ZAP-70 using three different methods. Evaluation was performed by 1) percentage of positive cells compared to isotype control (cut-off 20%), 2) MFI ratio of Tcells/CLL cells (cut-off 3.0); 3) MFI ratio of ZAP-70/isotype control on CLL cells (cut-off 2.5). MFI method with T-cells/CLL cells ratio was the best in the identification of patients with unfavourable outcome: ZAP-70 positive patients had significantly shorter time to treatment (TTT, median 24 vs. 55 months, p=0.0001) and overall survival (OS, median 97 vs 174 months, p=0.0074). The differences in TTT a OS were not significant with the use of isotype percentage and MFI isotype methods. Combined analysis of ZAP-70 with CD38 expression or IgVH mutation status lead to identification of a subgroup with the longest TTT and OS (ZAP-70 and CD38 negative, p<0.0001 and p=0.012; ZAP-70 negative and mutated IgVH genes, p<0.0001 and p=0.0019).
The hallmark of chronic lymphocytic leukemia (CLL) is extraordinary heterogeneity of the clinical course. While patients with aggressive disease need early treatment and have significantly short overall survival, many others have indolent disease without need of therapy and have similar survival to CLL-free age-and gender-matched counterparts [1] . Classical Rai and Binet staging systems are not able to identify many patients with dismal outcome because most patients are nowadays diagnosed in early stages [2] . Thus, modern prognostic parameters such us mutation status of immunoglobulin heavy chain genes (IgVH), genetic aberrations, Zeta-Associated Protein of 70 kilodaltons (ZAP-70) and others have been used in order to improve assessment of individual patient´s prognosis [1, 3] . Expression of ZAP-70 is one of the most powerful prognostic parameters in CLL with negative prognostic impact on time to treatment as well as overall survival; the predominant method for quantification being flow cytometry [4] [5] [6] [7] [8] [9] . However, there are many technical reasons which may significantly influence the results and lead to problems with the standardization of the method, e.g. clone of the monoclonal antibody, type of conjugate, and most importantly, setting of the threshold for positivity [10, 11] . Usage of mean fluorescence intensity (MFI) for quantification of ZAP-70 may eliminate the operator error present when placing the cursor for cut-off in the traditional isotype control method [12] [13] [14] [15] . Therefore, the aim of the present study was to determine the prognostic significance of ZAP-70 in CLL using the isotype method as well as MFI. positivity and MFI of CLL cells was determined from CD19-positive gate; minimum of 50,000 cells was collected. The T-cell MFI was determined from the gate of CD3-positive cells (minimum collection of 1000 cells). The T-cell/CLL cell MFI ratio of 3.0 and ZAP/IgG1 MFI ratio of 2.5 were used as the threshold for positivity. Results were analyzed using software Flow Jo (Tree Star, Inc; USA). All measurements were performed on fresh cells and within 6 hours from blood collection.
Patients and methods

Between
Statistical evaluation. Software Analyse-It (Analyse-It Software Ltd., UK) and MedCalc (Mariakerke, Belgium) were used for statistical analysis. Differences in time to treatment and overall survival were assessed using log-rank test and survival curves were constructed according to Kaplan-Meier method. P-values lower than 0.05 were considered significant. Optimal cut-off values for the MFI methods of ZAP-70 quantification were determined by receiver operator curve (ROC) analysis. Table 2 ). There- fore, we used the MFI T-cell/CLL cell ratio for further analyses. Combination of ZAP-70 with CD38 expression or IgVH mutation status lead to identification of a subgroup with excellent prognosis in term of longest TTT and OS (ZAP-70 and CD38 negative, p<0.0001 and p=0.012; ZAP-70 negative and mutated IgVH genes, p<0.0001 and p=0.0019).
Results
MFI method with T-cells/CLL
Discussion
Assessment of ZAP-70 by flow cytometry is associated with several considerable technical issues which have so far precluded a worldwide standardization of this method [11] . They include: variability in the use of antibody clones and conjugates, different permeabilization methods and especially different approaches in setting the threshold of positivity. This is because ZAP-70 expression on CLL population displays continous spectrum rather than forming a separate population.
Historically, the most common methods have been setting the threshhold using the isotype (negative) control [6, 7] or T-cells/NK-cells (positive control) [4, 5, 9] . In the present study, we assessed ZAP-70 using three methods -the traditional isotype percentage method, MFI T-cell/CLL cell ratio and MFI ZAP/isotype ratio. By far best separation of ZAP-70 positive and negative cases on the basis of TTT and OS were obtained with the method using MFI ratio of T-cells/CLL cells. The use of other two methods did not result in significant differences in TTT or OS. Measurement of values of ZAP-70 change by mean fluorescence intensity (MFI) ratio has been recently reported as being more reliable, less subjective and therefore superior over assessment of percentage of ZAP-70 positive cells [11, 13, 14, 18] . Measurement using MFI ration reduces the subjective error potentially present when assessing ZAP-70 expression by percentage of positive cells. In a large international standardization project, the best parameter for reporting the results of ZAP-70 measurement was indeed MFI ratio of T-cells/CLL cells [11] . These results have been confirmed by Rossi et al. and Kern et al. [14, 18] . Our results are in concordance with these studies including the prognostic influence on survival parameters. Other authors suggested the use the MFI ratio of CLL cells/normal B-cells [19, 20] or molecules of equivalent soluble fluorochrome (MESF) [21] . The potential drawbacks of our study include presence of previously treated CLL patient in our cohort and also the fact that time between diagnosis and ZAP-70 measurement was longer in some patients. These two factors may have caused some bias because the values of ZAP-70 may change during the course of CLL with or without therapy [15, 16] . From the technical point of view, the limit of MFI T-cell/CLL cell ratio could also lie in relatively low numbers of T-cells in advanced CLL. In addition, variability in the expression of ZAP-70 in T-cells of CLL patients has been reported [22] . Therefore, validation of the results on a larger cohort would be desirable. Importantly, we demonstrated that combined analysis of ZAP-70 and CD38 or ZAP-70 and IgVH mutation status is useful as it improves the prognostic stratification. Patients negative for ZAP-70 and CD38 or those who were ZAP-70 negative and had mutated IgVH had markedly better prognosis than the remaining subgroups. These results are in concordance with studies by Schroers, Hus and Del Principe [8, 9, 12] . From practical point of view, combined analysis of ZAP-70 and CD38 could be appropriate in elderly patients in whom costly test such as IgVH mutation status or FISH are questionable and often not performed for financial reasons.
In conclusion, our results suggest that use of ZAP-70 measurement by T-cell/CLL cell method is associated with improvement of CLL prognostication and prediction of clinical course. Furthemore, we believe that this newer approach might be more useful and less operator dependent than isotype percentage method which could also enable large interlaboratory comparisons of results. Combined analysis of ZAP-70 and CD38 or IgVH mutation status offers a possibility for refining the individual patient´s prognosis.
